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Abstract: Dark chocolate is claimed to have effects on gastrointestinal function and to improve well-
being. This randomised controlled study tested the hypothesis that cocoa slows gastric emptying and
intestinal transit. Functional brain imaging identified central effects of cocoa on cortical activity. Healthy
volunteers (HV) ingested 100 g dark (72 % cocoa) or white (0 % cocoa) chocolate for 5 d, in randomised
order. Participants recorded abdominal symptoms and stool consistency by the Bristol Stool Score
(BSS). Gastric emptying (GE) and intestinal and colonic transit time were assessed by scintigraphy
and marker studies, respectively. Combined positron emission tomography-computed tomography (PET-
CT) imaging assessed regional brain activity. A total of sixteen HV (seven females and nine males)
completed the studies (mean age 34 (21-58) years, BMI 22·8 (18·5-26·0) kg/m2). Dark chocolate had
no effect on upper gastrointestinal function (GE half-time 82 (75-120) v. 83 (60-120) min; P=0·937);
however, stool consistency was increased (BSS 3 (3-5) v. 4 (4-6); P=0·011) and there was a trend
to slower colonic transit (17 (13-26) v. 21 (15-47) h; P=0·075). PET-CT imaging showed increased
[18F]fluorodeoxyglucose (FDG) in the visual cortex, with increased FDG uptake also in somatosensory,
motor and pre-frontal cortices (Plt;0·001). In conclusion, dark chocolate with a high cocoa content has
effects on colonic and cerebral function in HV. Future research will assess its effects in patients with
functional gastrointestinal diseases with disturbed bowel function and psychological complaints.
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24 Abstract
25 Dark chocolate is claimed to have effects on gastrointestinal function and to improve well-
26 being. This randomized controlled study tested the hypothesis that cocoa slows gastric 
27 emptying and intestinal transit. Functional brain imaging identified central effects of cocoa on 
28 brain activity. Healthy volunteers (HVs) ingested 100g dark (72% cocoa) or white (0% cocoa) 
29 chocolate for five days, in randomized order. Participants recorded abdominal symptoms and 
30 stool consistency by the Bristol stool score (BSS). Gastric emptying, intestinal and colonic 
31 transit time were assessed by scintigraphy and marker studies, respectively. Combined CT-
32 PET imaging assessed regional brain activity. Sixteen HVs (7 females, 9 males) completed the 
33 studies (mean age 34 (21-58) years, BMI 22.8 (18.5-26.0) kg/m2). Dark chocolate had no effect 
34 on upper gastrointestinal function (GE half-time 82 (75-120) vs. 83 (60-120) minutes; p=0.937); 
35 however, stool consistency was increased (BSS 3 (3-5) vs. 4 (4-6); p=0.011) and there was a 
36 trend to slower colonic transit (17 (13-26) vs. 21 (15-47) hours; p=0.075). CT-PET imaging 
37 showed increased FDG uptake in the visual cortex, with increased activity also in 
38 somatosensory, motor and pre-frontal cortices (p<0.001). In conclusion, dark chocolate with a 
39 high cocoa content has effects on colonic and cerebral function in healthy volunteers. Future 
40 research will assess its effects in patients with functional gastrointestinal diseases with 
41 disturbed bowel function and psychological complaints. Clinical Trials Registration Number: 
42 NCT03022955
43
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44 Introduction
45 Already in the time of the Mayas and Aztecs the fruit of the cocoa tree (Theobroma cocoa) was 
46 used as medicine and, still today, popular claims confer on this “food of the gods” properties 
47 of being a stimulant, relaxant, aphrodisiac, and antidepressant. Cocoa and chocolate differ in 
48 that, while cocoa is the nonfat component of cocoa liquor (finely ground cocoa beans), 
49 chocolate contains a combination of ingredients that include cocoa, cocoa butter, sugar, and 
50 other constituents formed into a solid food. Dark chocolate with a high cocoa content contains 
51 flavonoids (e.g. epicatechin), methylxanthines (e.g. caffeine, theobromine) and other 
52 compounds with antioxidant and other, potentially health-promoting properties.1, 2 In contrast, 
53 white chocolate contains no cocoa and very few biologically active substances.3, 4 Recent 
54 studies suggest that, despite its high fat and calorie content, regular intake of dark chocolate 
55 has beneficial effects on various markers of metabolic health and is associated with reduction 
56 in the risk of heart attack, stroke and dementia.5-9 
57 Dark chocolate is also thought to have effects on gastrointestinal function and is traditionally 
58 used as a home remedy for diarrhea;10 however, objective evidence for the impact of cocoa on 
59 the gastrointestinal time or symptoms is lacking. Similarly, although chocolate has hedonic 
60 appeal and a positive influence on mood,11, 12 the central mechanisms behind these effects 
61 remain uncertain. 
62 There is increasing interest in the effects of diet or the brain and the gut in health and disease, 
63 in particular functional gastrointestinal diseases such as irritable bowel syndrome (IBS). 
64 Randomized controlled trials indicate that IBS patients benefit from medical treatment 
65 targeting digestive function (e.g. regulation of stool habit) and neuropsychological state (e.g. 
66 effects of antidepressants on visceral sensitivity and mood).13-15 However, many IBS patients 
67 prefer dietary and other “natural remedies” to the regular intake of pharmaceuticals16. The 
68 evidence referred to above suggests that dark chocolate may have “nutraceutical” effects on 
69 the brain and the gut that could benefit individuals with disorders of gastrointestinal motor and 
70 sensory function. 
71 Ahead of clinical trials in patients, this research tested the hypothesis that dark chocolate with 
72 72% cocoa content would slow gastrointestinal transit (primary outcome) and have specific 
73 effects on regional brain activity in healthy volunteers. The study was performed using dark 
74 chocolate and not cocoa powder or biologically active components extracted from cocoa 
75 because it is not known which, if any, components of this product have the desired effects on 
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76 the brain and the gut. A prospective, counterbalanced, cross-over study in healthy volunteers 
77 was performed. Subjects ingested either 100g of dark or white chocolate (control with 0% 
78 cocoa content) for five consecutive days in randomized order with a minimum 2-week wash 
79 out period between interventions. Validated methods were applied to assess effects of the test 
80 substances on abdominal symptoms, gastric emptying, oro-caecal and colonic transit times. 
81 Additionally, we looked for effects on regional brain activity using combined CT-PET imaging. 
82 The results provide novel evidence concerning the effects of chocolate on the gut and the brain.
83 Experimental methods
84 Participants
85 Adult healthy volunteers (HVs) aged 18 to 65 were recruited by advertisement. Participants 
86 had no indication of medical or psychological disease, no history of abdominal surgery (other 
87 than appendicitis or hysterectomy) and no pathology on physical exam. Subjects were excluded 
88 if they had a body mass index (BMI) of less than 18 or over 30kg/m2, took medication which 
89 may affect gastric motility had an eating disorder, vegan diet or allergy to milk protein or cocoa.
90 All participants reported eating chocolate regularly. According to industry statistics 
91 (https://www.chocosuisse.ch/en/services-4/facts-figures-4-2/), the average chocolate 
92 consumption in Switzerland is approximately 10kg / year (equating to 25g / day); however, this 
93 includes white, milk and dark chocolate. This indicates that the dose provided in the dark 
94 chocolate dietary intervention is at least 4 times the normal daily cocoa intake in this population.
95 The study protocol conforms to the ethical guidelines of the 1975 Declaration of Helsinki as 
96 reflected in a priori approval by the Ethics Committee of North-West Switzerland (Reference: 
97 2016-01841 (21.12.2016)). Approval was also granted by the local radiological protection 
98 board. The study was registered (ClinicalTrials.gov, NCT03022955, 
99 https://register.clinicaltrials.gov/, (10.1.2017)). Written informed consent was obtained from 
100 each participant. 
101 Protocol
102 Subjects were assigned to receive either dark (Chocolat Frey Noir Spezial (72% cocoa solids)) 
103 or white (Chocolat Frey Blanca (0% cocoa solids)) chocolate on five consecutive days in 
104 randomized order. According to information on file, the dark chocolate used in this study 
105 contains 43mg caffeine and 250mg flavanols (measured by high performance liquid 
Page 4 of 22
Cambridge University Press




Fox et al. Effects of cocoa on the brain and the gut
5
106 chromatography). White chocolate contains no caffeine and no flavanols. Alkali extraction was 
107 not used for these products (process reduces flavanol concentration).
108 Block randomization in groups of 4 was performed to ensure all participants tested on any one 
109 day received the same meal with the order of conditions counterbalanced, so that 50% started 
110 with dark chocolate. The two study periods were separated by a minimum 14-day wash-out. 
111 Subjects were instructed to continue with their normal diet and lifestyle throughout (a food 
112 diary was not required). Intake of additional chocolate during the dietary intervention was not 
113 allowed. Failure to take the dark or white chocolate was also an exclusion criterion. All 
114 physiological investigations were completed in St. Claraspital between 3rd February and 20th 
115 May 2017. Participants were not blinded to the dietary intervention (white or dark chocolate); 
116 however, those taking part were not aware of the study hypothesis or that white chocolate was 
117 the control condition. Further, investigators analyzing the data were blinded to the test 
118 substance and meal. Each study period lasted 5 days. On days #1 to #3 subjects ingested a 
119 chocolate bar (both 100g, 500kcal, 50% fat) with a capsule containing 10 radio-opaque markers 
120 for assessment of colonic / whole gut transit time. On day #4 and #5 the same amount of cocoa 
121 was ingested as a mousse (total 150g, 500kcal (Supplemental Table 1)). On day #4 ingestion 
122 of the chocolate was followed by a combined PET/CT brain scan (see below) and a low-
123 intensity CT of the abdomen to assess colonic / whole gut transit time. On day #5, a non-
124 absorbable Technecium-99m-DTPA marker was added to the mousse for scintigraphic imaging 
125 of the test meal (estimated 19mSv exposure for complete study). 
126 Gastrointestinal scintigraphy, well-being and postprandial sensation
127 Anterior and posterior planar images were acquired before and every 15 minutes for 120 
128 minutes after ingestion of labeled chocolate mousse by a Gamma Camera (Nucline X-Ring-R, 
129 Mediso, Budapest, Hungary). After each scan the subjects were asked to score satiety, fullness, 
130 bloating, heartburn, nausea and epigastric pain using a validated 100mm visual analogue 
131 scale.17 Sensations were rated: mild <30, mild to moderate 30-60, moderate to severe 60-90, 
132 severe >90 mm. Less than severe fullness and satiety are considered normal postprandial 
133 sensations. More than mild bloating, nausea, abdominal pain and heartburn are pathological 
134 “dyspeptic” sensations.17
135 Gastric emptying half-time, gastric retention at 120 minutes and oro-caecal transit time were 
136 assessed using validated protocols.18 Measurements were performed without knowledge of 
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137 patient allocation by three independent researchers (HH, MS, MF) and the mean value 
138 calculated.
139 Bristol stool score and colonic / whole gut transit time
140 The subjects recorded stool consistency using the validated Bristol stool score on a scale of 1 
141 (very hard) to 7 (liquid) as illustrated by Figure 4.19 Objective measurements were determined 
142 by counting the number of radio-opaque markers retained in the colon. A simple conversion 
143 factor was applied to calculate the colonic transit time.18
144 Functional Brain Imaging 
145 The right-handed healthy volunteers were assigned to brain imaging studies using a cross-over 
146 design for the digestion of either cocoa-rich dark or cocoa free white chocolate mousse. 
147 Methods were identical for both study arms. PET/CT was preferred to functional MRI because 
148 the relatively long acquisition time increases test sensitivity and is less subject to variation in 
149 the concentration of biologically active substances in cocoa in the blood stream over time (the 
150 optimal time for acquisition of brain imaging after ingestion of cocoa flavanols is uncertain).12 
151 Subjects were seated in a relaxing chair and an i.v. line was placed. Five minutes later 
152 chocolate mousse was ingested from a bowl using a standard spoon within 10 minutes. After 
153 meal commencement (two spoons), 100 MBq 18-FDG was injected while the subjects 
154 continued ingesting the mousse to completion. Directly after completing the meal (i.e. imaging 
155 did not begin during meal ingestion), subjects were transferred to a Siemens Biograph 40 
156 HIREZ TRUE-D whole-body PET/CT (Siemens Medical Systems, Erlangen, Germany). Brain 
157 scans were acquired in a brightly lit facility. All patients were awake during measurements; 
158 however, alertness was not monitored. After low-dose CT for attenuation correction and 
159 anatomical correlation, a pseudodynamic PET acquisition (5 time-frames à 4 minutes each) 
160 was started and continued for maximum 2-hours. Images were reconstructed using a point 
161 spread function recovering iterative reconstruction (HD-PET (tm) Siemens Medical Systems, 
162 Erlangen, Germany) resulting in reconstructed images of 2mm isotropic resolution. 
163 Emission data were reconstructed to generate an image of relative glucose metabolism, as 
164 described previously.20 Briefly, attenuation corrected images were analysed using 
165 the generalised linear model (GLM) as implemented in SPM12 (Wellcome Trust Centre for 
166 Neuroimaging, UCL, London, United Kingdom) and a voxelwise analysis of covariance 
167 between the two study conditions was performed with correction for potential confounding 
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168 covariates (e.g. age, sex) for each subject and session (p<0.001 corrected for multiple 
169 comparisons using the Field Wise Error correction (FWE) were regarded as significant). For 
170 the purpose of visualisation, activated voxel clusters were projected on a 3-D-imaging atlas 
171 brain as provided by SPM12, and their center of activation reported as coordinates within 
172 the stereotactic standard space of the Montreal Neurologic Institute (MNI) brain atlas. 
173 Statistical analysis
174 Previous studies have demonstrated mean gastric emptying half-time (T50) of 49 minutes with 
175 test-retest variability ± 8 minutes for scintigraphic measurements of a 400ml, 300kcal nutrient 
176 liquid meal.21 Power calculations show 12 paired comparisons are needed to detect a 
177 statistically significant difference in T50 (primary outcome) exceeding the daily variability 
178 (beta 90%, alpha of 0.05). We included 16 subjects in the study to facilitate assessment also of 
179 secondary and exploratory outcome parameters (e.g. colonic transit, brain imaging data). The 
180 cross-over study design was appropriate to compensate for wide inter-individual variation in 
181 digestive and cerebral function. In this early phase study, a correction for multiple comparisons 
182 was not applied. The study was not powered to identify interactions between the brain and the 
183 gut. Demographic and physiological results showed non-parametric distribution and are 
184 reported as median with either range or interquartile range as appropriate. Within-subject 
185 difference of parameters between the two test substances was investigated with the Wilcoxon 
186 paired tests. 
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190 After initial telephone screening, 19 subjects were interviewed and consented. Three withdrew 
191 prior to test procedures being performed. 16 HVs (7 females, 9 males) with mean age 34 (21-
192 58) years and mean BMI 22.8 (18.5-26.0) kg/m2 completed studies. Three female participants 
193 were taking an oral contraceptive and one had a coil in situ. One male patient was taking an 
194 oral anticoagulant (Xarelto) due to an uncomplicated lower limb venous thrombosis. At 
195 screening no subject had a psychological disorder (HADS <11) and all reported excellent good-
196 gastrointestinal well-being (>75/100 VAS). All subjects tolerated the complete study protocol 
197 with no side effects. 
198 At screening, 10 participants reported a preference for dark chocolate with 4 preferring white 
199 chocolate and 2 stating no preference. After completion of each study arm palatability of the 
200 dark and white chocolate was assessed and was similar (median VAS 62 vs. 69/100; p=0.859).
201 Well-being and postprandial sensation  
202 Participants reported no change in well-being after ingestion of dark and white chocolate (73 
203 (63-100) vs. 73 (66-93) mm VAS; p=0.951). After completing the 500kcal chocolate mousse 
204 meals subjects reported an increase in fullness and satiety (both p<0.001) which was similar 
205 for dark and white chocolate (postprandial fullness: 58 (40-95) vs. 60 (48-95) mm VAS; 
206 p=0.323). Subsequently, as emptying progressed, there was a decline in both sensations 
207 (Figure 1). Mild to moderate bloating (>30 mm but <60 mm VAS) was reported by one (6%) 
208 subject. No other symptoms were reported. 
209 Gastric emptying and oro-caecal transit time  
210 Gastric emptying of the semi-solid, nutrient meal was approximately linear. Emptying half time 
211 was not different after ingestion of 500kcal dark or white chocolate mousse (82 (75-120) vs. 
212 83 (60-120) minutes; p=0.937) with a similar finding for gastric retention at 120minutes (32% 
213 (27-63) vs. 33% (23-57); p=0.585). 
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214 Oro-caecal transit time was also near identical for both test meals (59 (45-98) vs. 59 (53-83) 
215 minutes; p=0.907). Note that gastric emptying was rapid in the early and then slowed in the 
216 late postprandial phase such that contrast is visible in the caecum well before the stomach has 
217 half emptied (Figure 1).
218 Bristol stool scale and colonic / whole gut transit time
219 Participants reported higher stool consistency after 3-days ingestion of dark compared to white 
220 chocolate (BSS 3 (3-5) vs. 4 (4-6); p=0.011). Consistent with this finding, objective 
221 measurement of colonic / whole gut transit time showed a trend to slower transit after ingestion 
222 of dark chocolate (17 (13-26) vs. 21 (15-47) hours; p=0.075) and there was a significant 
223 negative correlation (Figure 2) between the stool score and transit time (Pearson correlation 
224 coefficient r2=-0.77; p<0.002).
225 Functional brain imaging
226 Comparing spontaneous steady state cerebral glucose metabolism of dark chocolate intake vs. 
227 white chocolate, PET/CT imaging showed a highly significant increase in regional glucose 
228 metabolism in a large cluster of voxels in the occipital and visual cortex, as well as in more 
229 circumscribed clusters located in the somatosensory cortex, motor and pre-frontal cortices 
230 (Figure 3). All voxel clusters showed highly significant effects both on the level of cluster and 
231 peak intensity analysis (both p<0.001, corrected for multiple comparisons). 
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233 Discussion
234 The results of this randomized controlled study confirm that dark chocolate with 72% cocoa 
235 content has distinct effects on the brain and the gut compared to the white chocolate control. 
236 An effect on psychological well-being was not observed; however, this is not surprising as the 
237 healthy volunteers studied had no evidence of anxiety or depression. Nevertheless, since 
238 hedonic factors may affect cerebral and gastrointestinal function, it is important to note that 
239 participants rated both test substances as similarly pleasurable to eat.
240 Gastrointestinal function
241 A series of measurements, illustrated by Figures 1 and 2, documented gastrointestinal transit 
242 from ingestion to evacuation. Gastric emptying (primary outcome measure) and oro-caecal 
243 transit time were almost identical after ingestion of dark or white chocolate mousse. These 
244 results add to the evidence that the key determinants of gastric function are the volume and 
245 calorie content of meals.22 The delivery of carbohydrates, protein and fat into the small bowel 
246 triggers the release of peptide hormones that regulate the delivery of food into the small 
247 intestine. However, with the exception of alcohol,23 there is little evidence that specific foods 
248 have an important impact on gastric emptying in controlled studies.24 
249 Participants also reported similar levels of fullness and satiety after the two meals. These 
250 sensations increased after ingestion of the chocolate mousse and then returned towards normal 
251 levels as gastric emptying proceeded (Figure 1). The healthy volunteers rarely reported 
252 dyspeptic symptoms after completing the high fat (50%), high calorie (500kcal) meal. This 
253 could be different in participants with functional gastrointestinal symptoms. More than other 
254 nutrients, fat increases the sensation of fullness, nausea and other symptoms in laboratory and 
255 clinical studies.25-28 For example, the results of ambulatory pH-studies in patients referred for 
256 investigation of suspected gastro-oesophageal reflux disease show that, independent of the 
257 number of reflux events, there was a 40% reduction in reflux symptoms reported after low-fat, 
258 high calorie compared to high-fat, high calorie meals.29 
259 In contrast, significant effects of dark chocolate with 72% cocoa content were observed on the 
260 lower gastrointestinal tract. Participants reported a significant increase in stool consistency as 
261 illustrated by the Bristol stool score (Figure 4). At the same time there was a clear trend to 
262 slower colonic transit documented by radio-opaque markers swallowed every day with the dark 
263 chocolate bars compared to the control. These findings are consistent with the widely held view 
264 that dark chocolate can be constipating.10 
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265 The presence of naturally occurring methylxanthines in dark chocolate did not counteract this 
266 effect. High levels of caffeine such as found in a cup of strong brewed coffee (typically 80-
267 150mg in a regular serving (8oz235ml)) can trigger the gastro-colonic reflex and accelerate 
268 colonic transit;30 however, lower levels found in dark chocolate may not trigger this response.31 
269 One potential mechanism for the inhibitory effect of cocoa on colonic function is the inhibition 
270 of CFTR chloride channels by cocoa flavonoids leading to reduced water transport across the 
271 colonic epithelium.32 Another possibility is that bioactive substances found in cocoa may 
272 antagonize digestive enzymes or exert prebiotic effects on the gut microbiota.33 There is a 
273 growing literature that describes striking bidirectional associations between diet, intrinsic gut 
274 microbes and the brain, including a role in regulating response to stress and psychological 
275 state.34 If proven, it may turn out that dark chocolate not only feeds us, but also the billions of 
276 microorganisms living in our bowels... and that this arrangement is good for both parties!
277 Functional brain imaging
278 Compared to ingestion of white chocolate, ingestion of dark chocolate with a high cocoa 
279 content had no effect on the activity of brain regions responsible for controlling emotions or 
280 signaling reward such as the limbic cortex or amygdala. This is consistent with the prevailing 
281 view that the mood-enhancing effects of chocolate are not caused by naturally occurring 
282 psychoactive substances (e.g. anandamide, an agonist of endogenous cannabinoid receptors), 
283 but are more likely explained by properties shared by both dark and white chocolate such as 
284 satisfaction of hunger and pleasurable oro-sensory qualities including high palatability, 
285 sweetness, and optimal mouthfeel.12 
286 Instead, PET-CT imaging revealed specific effects of dark chocolate on regional glucose 
287 metabolism within the occipital and visual cortex, with smaller areas of increased brain activity 
288 also in areas of the somatosensory cortex (possibly involved in gustation), motor and pre-
289 frontal cortices (Figure 3). This result is unlikely to be due to “visual exposure” to the different 
290 test meals. Although the radioactive marker (18-FDG) was injected during ingestion of the 
291 white and dark chocolate mousse, measurements commenced only after completion of the meal 
292 and were obtained in a closed scanner with little visual stimulation. It is more likely that 
293 biologically active substances present in cocoa had effects on regional brain activity. Flavanols 
294 have effects on vascular endothelium that increase peripheral, cardiac and cerebral blood flow 
295 via dose-dependent increases in flow-mediated vasodilation.35, 36 Controlled studies performed 
296 by experimental psychologists indicate consumption of high-dose cocoa flavanols (250- 
297 1000mg) improves a variety of cognitive tasks, including visual contrast sensitivity, time to 
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298 detect motion direction and spatial working memory performance.37-39 Since increased delivery 
299 of substrates improves performance of mentally effortful tasks, the findings of the PET-CT 
300 study may well indicate that improved performance of visual information processing is related 
301 to effects of cocoa flavanols on the perfusion and regional metabolism of the visual cortex and 
302 other higher centers. It is less likely that the results are mediated by methylxanthines in dark 
303 chocolate. Caffeine and to a lesser extent theobromine increase alertness, especially in subjects 
304 with fatigue, and this is associated with activity in regions involved in the control of vigilance, 
305 anxiety, and cardiovascular regulation;12, 31 however, these substances do not have effects on 
306 the areas identified in this study. 
307 To our knowledge, this PET-CT study is the first to assess baseline brain glucose metabolism 
308 at a steady state after a meal of flavanol-rich dark vs flavanol-absent white chocolate mousse 
309 preceded by five days intake of the respective “chocolate bars”. An effect of flavanol-rich 
310 cocoa on cerebral blood flow has also been reported by functional Magnetic Resonance 
311 Imaging (fMRI) studies;40 however, these experiments measured brain activation during 
312 cognitive tasks within the scanner and, not surprisingly, different regions of the brain were 
313 activated. Further studies are required to establish whether improvements in visual and 
314 cognitive performance are directly linked to the effects on brain activity induced by cocoa 
315 documented by CT-PET measurements.
316 Limitations
317 This study in 16 healthy volunteers has a robust randomized, controlled study design; however, 
318 it was not double-blinded, since the control treatment for dark chocolate was white chocolate 
319 and no attempt was made to mask the visual or gustatory differences between the products. 
320 Lack of blinding could introduce bias; however, subjects were not aware of the study 
321 hypothesis or that white chocolate was the control condition. Further, investigators analyzing 
322 the data were blinded to the test substance and meal.
323 Additionally, it is not possible to determine which biologically active component of cocoa had 
324 effects on the digestive and neurological systems. For example, the two treatments differed not 
325 only in flavanol but also in caffeine content. As discussed above, although caffeine alone 
326 cannot explain the observations, the possibility that caffeine, theobromine, or other components 
327 of cocoa (such as magnesium) interact differentially with flavanols to produce the biological 
328 effects of chocolate cannot be ruled out.
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329 Conclusion and potential application in clinical practice
330 This dietary intervention study in healthy volunteers identified specific effects of dark 
331 chocolate on digestive and cerebral function. These findings add to the body of literature 
332 indicating that naturally occurring substances in chocolate, in particular cocoa flavanols, in 
333 isolation and in combination, have measurable biological effects. Future research will establish 
334 if these are clinically relevant. Acute and chronic disturbances in bowel function are common 
335 in the community and can be a major burden.41 Drugs used in the therapy of diarrhea (e.g., 
336 loperamide) are not always effective and may cause side effects, leading to decreased 
337 acceptance by participants.42 Moreover, many doctors prefer to avoid the use of opioid-based 
338 medicines for acute infectious diarrhea or for the long-term control of chronic diarrhea. This 
339 position is shared by many patients with functional gastrointestinal diseases that often report 
340 side-effects with medications and prefer “natural” remedies.16 If the “nutraceutical” effects of 
341 dark chocolate or cocoa-based products are confirmed, then this could be a safe and popular 
342 alternative to pharmacological treatment. If, as expected, there are also positive effects on well-
343 being, then the combination of peripheral and central effects could be a much needed, novel 
344 approach for the treatment of participants with conditions such as irritable bowel syndrome 
345 that are affected by both disorders of digestive function and mood.
346
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490 Figure legends
491 Figure 1 
492 3D reconstruction of low-intensity computed tomography imaging illustrating assessment of 
493 colonic / whole gut transport by radio-opaque markers (left panel). A number of markers are 
494 visible within the ascending and transverse colon. There is a relationship between transit time 
495 and stool consistency such that the longer the stool is retained in the colon, the more water is 
496 absorbed and the harder it becomes (right panel). 
497 Figure 2 
498 Representative data illustrating gastrointestinal motor and sensory function after ingestion of a 
499 500kcal chocolate mousse. Gastric emptying and oro-caecal transit (left panel) with gastric (red) 
500 and caecal (green) regions of interest. There is initial filling of the proximal stomach by the 
501 semi-solid meal. Gastric emptying progresses at a steady rate and is accompanied by a steady 
502 decrease in fullness and satiety (right panel). After 45 minutes there more than 50% of the meal 
503 is still in the stomach but contrast is clearly visible in the caecum.
504 Figure 3 
505 Combined PET/CT data (left panel) reconstructed to generate an image of relative glucose 
506 metabolism. Ingestion of dark chocolate with high cocoa content increases FDG uptake in the 
507 visual cortex, with increased activity also in areas of the somatosensory cortex (possibly 
508 involved in gustation), motor and pre-frontal cortices (both p<0.001). Averaged PET-emission 
509 data with detailed results (right panel), highlight differences in brain activation after ingestion 
510 of dark and white chocolate. 
511 Figure 4
512 The Bristol stool score is a validated method to assess stool consistency. We propose this 
513 version to assess the effects of chocolate on bowel function.
514
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515
516 Supplementary Table: 





% kcal Fat in g % kcal Protein in g % kcal Fiber in g Cocoa in g
125g Egg Yolk 280 0.25 0.05% 39.38 17.86% 20.63 4.17% 0
40g Egg White 18 0.12 0.02% 0.04 0.02% 4.2 0.85% 0
50g Sugar 200 50 10.11% 0 0.00% 0 0.00% 0
200g Couvertüre (72% Cacao) 1028 63.6 12.85% 77.4 35.10% 17.6 3.56% 0 144.00
150g Full Cream 502.5 4.65 0.94% 52.2 23.67% 3 0.61% 0
Total 2028.5 118.62 23.98% 169.02 76.66% 45.43 9.18% 0 141.00




% kcal Fat in g % kcal Protein in g % kcal Fiber in g Cocoa in g
125g Egg Yolk 280 0.25 0.05% 39.38 17.10% 20.63 3.99% 0
40g Egg White 18 0.12 0.02% 0.04 0.02% 4.2 0.81% 0
50g Sugar 200 50 9.68% 0 0.00% 0 0.00% 0
200g Couvertüre white (0% cocoa) 1118 113.8 22.02% 67.8 29.44% 12.4 2.40% 0 54.8 (cocoa butter)
150g Full Cream 502.5 4.65 0.90% 52.2 22.67% 3 0.58% 0
Total 2118.5 168.82 32.67% 159.42 69.23% 40.23 7.79% 0 0
Pro Portion @ 8 Portionen (140g) 529.625 42.205 32.67% 39.855 69.23% 10.0575 7.79% 0 0
Difference pro portion vs dark chocolate 22.50 12.55 8.70% -2.40 -7.43% -1.30 -1.40% 0 -17.63
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